Posttranscriptional gene-silencing phenomena such as cosuppression and RNA interference are associated with the occurrence of small, about 21-23 nt short RNA species homologous to the silenced gene. We here show that the small RNA present in silenced transgenic plants can easily be detected in total RNA isolated according to standard procedures. This will allow for the development of routine and early screenings for the presence of small RNA species and, therefore, gene silencing in transgenic plants. We further demonstrate that the small RNA fraction can be visualized with the SYBR Green II RNA stain, isolated from a gel, labeled and used as a specific probe. Using these approaches, we have fine-mapped the sequences of the GUS gene that are represented in the small RNA fraction of a GUS-silenced tobacco line containing an inverted repeat of the GUS gene. In this tobacco line, the silencingassociated small RNA is a mixture of fragments that cover the 39 two-thirds of the GUS coding region. The 59 coding and the 39 noncoding ends of the GUS mRNA are not represented in the small RNA fraction. The RNA fragments are not likely to be a primary synthesis product of an RNA-dependent RNA polymerase, but rather degradation products from nuclease activity. Surprisingly, RNA isolated from wild-type, untransformed plants showed the presence of a similar-sized small RNA pool. This might indicate the existence of small RNA species from putative endogenous genes that are down regulated by a similar posttranscriptional gene-silencing mechanism. The possibility of isolating and labeling the small RNA pool from wild-type plants will provide a way to identify and study such putative genes.
INTRODUCTION
Recently, small RNA species have been shown to be associated with posttranscriptional gene silencing (PTGS) in tobacco, tomato, and Arabidopsis plants (Hamilton & Baulcombe, 1999; Dalmay et al+, 2000a )+ In cases of both transgene-induced and virus-induced PTGS it was demonstrated that plants in the silenced state contained an approximately 21-23 nt antisense RNA species+ PTGS in plants results in a severe reduction of the amount of steady-state RNA in the cytoplasm, whereas transcriptional activity in the nucleus is generally normal+ In other organisms, similar phenomena occur, such as quelling in the fungus Neurospora (Cogoni & Macino, 1997 )+ In addition, double-stranded RNA was demonstrated to be a potent mediator of sequence-specific gene silencing known as RNA interference or RNAi (Fire et al+, 1998 ; for a review, see also Sharp, 1999) in also a posttranscriptional manner+ This was shown in Caenorhabditis elegans (Fire et al+, 1998; Montgomery et al+, 1998) , during early development in mouse (Wianny & Zernicka-Goetz, 2000) , and during flower development in Arabidopsis thaliana (Chuang & Meyerowitz, 2000) + Also in a range of invertebrate species including Drosophila (Misquitta & Patterson, 1999) , trypanosomes (Ngo et al+, 1998) , and planaria (SanchezAlvorado & Newmark, 1999) dsRNA and RNAi are effective+ For a recent review, see Bosher and Labouesse (2000) + Moreover, in a Drosophila in vitro system, RNA segments of 21-23 nt were generated upon introduction of dsRNA (Zamore et al+, 2000) + A similar small RNA cofractionated with the enzyme fraction that degraded exogenous transcripts homologous to the double-stranded RNA used for transfection (Hammond et al+, 2000) + In C. elegans, cosuppression and RNAi were recently shown to be linked genetically (Ketting & Plasterk, 2000) + RNAi in C. elegans, quelling in Neurospora, and PTGS in Arabidopsis require similar genes (Dalmay et al+, 2000b; Mourrain et al+, 2000) + These data link RNAi, cosuppression, and small RNA species+ Small RNA species-mediated PTGS may therefore be a conserved and widespread method of regulation of gene activity+ PTGS only affects sufficiently homologous sequences and has been proposed to be a natural defense system against viruses and/or transposons+ The capacity of PTGS to specifically degrade homologous RNA is currently used for functional genomics in plants (Baulcombe, 1999 )+ Various models for the mechanism of PTGS in plants (Lindbo et al+, 1993; Baulcombe & English, 1996) postulated the involvement of an "aberrant RNA" to account for the apparent sequence specificity of PTGS+ This undefined RNA could be produced by activity of an RNA-dependent RNA polymerase (RdRp; Wassenegger & Pélissier, 1998 )+ By mutagenesis, the Arabidopsis RdRp gene was shown to be required for PTGS (Dalmay et al+, 2000b; Mourrain et al+, 2000) + The small RNA species identified by Hamilton and Baulcombe (1999) may very well represent the sequence specificity determinant of the PTGS regulatory system+ Detailed analyses of the characteristics of the small RNA will therefore contribute to the further mechanistic understanding of PTGS+ To visualize the novel small RNA species, Hamilton and Baulcombe (1999) enriched the RNA of silenced and active plants for low-molecular-weight molecules by first removing the high-molecular-weight RNA species with polyethylene-glycol/salt precipitation or filtration, followed by ion-exchange chromatography+ The enriched RNA fraction was separated on polyacrylamide/urea gels, blotted, and the small RNA was subsequently visualized by low-stringency hybridization with RNA probes+ We here show that the elaborate procedure to enrich for the PTGS-associated small RNA species is not required+ A total RNA isolation is sufficient, resulting in a faster, simpler, and equally reproducible visualization of the presence of PTGS-associated small RNA in silenced plants+ Moreover, we show that the small RNA species can be isolated from a gel, labeled, and used as a probe+ Both methods were used to characterize the features of the small RNA species in a GUS-silenced tobacco plant+ The analyses show that all but the first 554 (615) nt of the GUS coding region give rise to small RNA molecules+ To our surprise, the methods of analysis developed here allowed us to demonstrate similar-sized small RNAs in untransformed, wild-type tobacco and Arabidopsis plants+ This might imply the existence of small RNA from endogenous genes in plants that are down regulated by the same posttranscriptional gene-silencing mechanism, but do not require the introduction of homologous transgenes+ For conclusive evidence of the existence of such endogenous genes, they should be isolated+ The possibility of isolating and labeling the small RNA pool from wild-type plants will provide a way to identify and study such putative genes+
RESULTS

Visualization of PTGS-associated RNA in total RNA of silenced tobacco
Six-to-eight-week-old greenhouse-grown NLG4-He plants were used for RNA analyses+ As controls, wildtype tobacco and the GUS-active tobacco line ANLGA13 were used+ The T-DNA configurations in the NLG4-He and ANGLA13 plants are shown in Figure 1+ Extensive Southern blot analyses showed that the GUS-active tobacco ANGLA13 (in hemizygous state) contains a single copy of the incoming T-DNA, whereas tobacco NLG4-He contains a single but complex locus+ This locus consists of a complete inverted repeat of the FIGURE 1. T-DNA configuration in the transgenic tobacco lines used for analysis+ Tobacco line ANGLA13 contains, in hemizygous state, a single copy of the T-DNA from plasmid pANGLA+ Tobacco line NLG4 contains a complex single locus of the T-DNA from plasmid NLG, consisting of a full inverted repeat interrupted by about 500 bp of genomic DNA, plus an additional truncated NPTII fragment that has not been mapped in detail+ In both DNAs, the GUS gene is driven by the light-regulated potato Lhca3.St.1 promoter (PLhca3)+ The selectable marker is the neomycin phosphotransferase II gene (NPT) driven by the nopaline synthase (nos) promoter (Pn)+ Both genes also carry the nos terminator sequence (T)+ The ANGLA13 DNA contains, in addition, the chicken lysozyme matrix-associated region (known and indicated as A element; Mlynárová et al+, 1994) around the GUS and NPTII transgenes+ The right and left border of the Agrobacterium T-DNA are indicated by RB and LB, respectively+ incoming T-DNA, interrupted by a stretch of about 500 bp genomic DNA, in addition to a third truncated NPTII gene+ In both the homozygous (NLG4-Ho) and hemizygous (NLG4-He) states, the NLG4 locus itself has very low GUS activity in leaves+ Run-off analyses in NLG4 nuclei has confirmed that this silencing is posttranscriptional (our unpubl+ results)+ When crossed to transgenic tobacco lines with an active GUS gene, the NLG4 locus behaves as a dominant silencer over unlinked, active GUS alleles that are identical in sequence (Nap et al+, 1997 )+
The phenol-guanidine-isothiocyanate-based RNA isolation using the TriZOL reagens (Life Technologies) is a fast and convenient method to isolate intact total RNA virtually free of DNA from, among many others, tobacco and Arabidopsis plants+ The standard protocol used involves a single isopropanol precipitation (see Material and Methods for details)+ Different amounts of total RNA were separated on 6% polyacrylamide/8 M urea gels, electroblotted to Hybond Nϩ (Amersham), fixed, and hybridized at 50 8C to radioactively labeled GUS DNA+ Figure 1 shows the phosphor image of such an RNA blot+ In 5 mg of total RNA isolated from NLG4-He, a small RNA homologous to the GUS probe is easily detectable+ No such small RNA species was ever detectable in as much as 50 mg RNA of either wild-type tobacco or the GUS-active tobacco line ANLGA13 (Fig+ 2)+ We routinely could detect silenced transgenehomologous small RNA in total RNA from various silenced plants, including Arabidopsis (data not shown)+ This establishes that the TriZol protocol is sufficient to visualize the small RNA species and omits the need for elaborate enriching of the small RNA fraction+ To estimate the size of the hybridizing RNA species, a 21-nt GUS oligomer is used as hybridization control+ The hybridizing small RNA species is a bit larger than this 21-nt oligomer+ With the use of RNA markers for the size estimation it is likely that the small RNA would have been estimated to be 21-23 nt in length (Hamilton & Baulcombe, 2000) , as reported for Drosophila (Zamore et al+, 2000) + On the basis of hybridization intensity, the GUS-homologous small RNA species is quite abundant in the total RNA isolate+
Characterization of the GUS-gene-derived small RNA species in a silenced tobacco
The relatively easy detection of the GUS-gene-derived small RNA species in tobacco line NLG4-He facilitates further characterization and analyses of this small RNA+ First, we analyzed from what part or parts of the GUS gene the small RNA sequence is derived+ Five fragments (GUS1-GUS5) spanning the entire GUS coding sequence were isolated with PCR, cloned in pGEM-T Easy (Promega), and used as probes to detect GUS sequence-derived small RNA in RNA from NLG4-He and ANGLA13+ In Figure 3A , the relative positions of the GUS subfragments are given+ Fragment GUS1 (295 bp) starts from the ATG of the GUS coding sequence+ GUS5 (274 bp) contains the 39 nontranslated region of the GUS gene+ The hybridization results are given in Figure 3B+ In all cases, one of the oligomers used to generate the PCR product was used as positive hybridization control+ Small RNA was detected with the GUS2, GUS3, and GUS4 subfragments of the GUS sequence as probes, a 1,496-bp sequence+ This establishes that the GUS-derived small RNA in tobacco NLG4-He is not a single RNA species, but a mixture of similar-sized RNA molecules of different sequence composition+ No small RNA could be detected with the GUS1 and GUS5 probes+ This indicates that in tobacco NLG4-He the 59 coding region and the 39 noncoding region of the GUS mRNA are not generating small RNA molecules or are generating them much less+
Isolation and labeling of the small RNA fraction
The amount of GUS-derived small RNA in the silenced NLG4-He tobacco line is relatively abundant+ This suggested the possibility of isolating this fraction of small RNA molecules from the gel and labeling it with radioactivity+ With oligomers of 21 and 35 nt stained with SYBR Green II RNA stain (Molecular Probes) as size markers, the desired region of small RNA could be identified in a 17% polyacrylamide/urea gel, cut from the gel, and isolated with a crush and soak method (Faulkner-Jones, 1995)+ The isolated RNA was subsequently labeled with g-32 P-ATP (ICN) using the forward reaction of the Kinase Max kit (Ambion)+ Under these reaction conditions, no labeling was obtained for , the phosphor image of the hybridization with the labeled small RNA fraction is shown+ It demonstrates that the labeled small RNA fraction contains GUS-genederived sequences+ Moreover, the hybridization is limited to the GUS subclones 2, 3, and 4+ This confirms that in the GUS-silenced NLG4-He plants, the PTGSassociated small RNA is derived from the sequences present in the GUS2, GUS3, and GUS4 subclones+ Fine mapping of the GUS sequences generating small RNA molecules To examine in more detail which parts of the GUS sequence generate PTGS-associated small RNA in NLG4-He, the labeled small RNA was used as a tool+ Different double digests of GUS2, GUS3, and GUS4 subclone DNA were prepared with six-and four-base recognizing restriction enzymes+ The DNA fragments were separated, blotted, and hybridized with the labeled small RNA fraction isolated from tobacco NLG4-He+ Figure 6 shows the detailed maps (Fig+ 6A) and phosphor image (Fig+ 6B) of this hybridization+ The hybridization with the small RNA probe is not uniform and fragments with stronger and weaker hybridization can be distinguished+ Except for a few fragments in the GUS2 sequence, all sequences present in the subclones GUS2-4 show hybridization with the NLG4-He small FIGURE 3. Mapping of the GUS regions represented in the small RNA fraction using GUS subclone DNA as a probe+ A: Position and size of the GUS subclones in the full-length GUS sequence+ The arrows indicate the positions of the reverse primers used+ B: Phosphor image of RNA blots containing 30 mg of total RNA isolated from leaves, hybridized with radioactively labeled GUS subclones+ 1R-5R are the primers used as the size marker and positive control for hybridization+ For each, 150 ng was loaded+ Indication of plant lines is as in Figure 2+ FIGURE 4. Labeling of gel-purified small RNA+ Phosphor image of a dried polyacrylamide/urea gel containing appropriate amounts of a g-33 P-ATP-labeled 21-nt oligomer (4R; see Fig+ 2) and g-32 P-ATPlabeled small RNA isolated from a gel containing total RNA of the hemizygous transgenic tobacco line NLG4-He+ RNA probe+ The difference is at the 59 end of the GUS 2 subclone, where a 259-bp-long sequence did not hybridize with the labeled small RNA from NLG4-He (Fig+ 6B)+ The error in this hybridization analysis is estimated to be of the size of an oligomer of about 15 nt per hybridizing fragment+ To confirm that the nonhybridizing fragments were present on the blot, the blot was stripped and rehybridized with a DNA probe covering the full sequence present in GUS2 to GUS4+ Figure 6C shows that in the hybridization with this probe the 259-bp of the GUS2 sequence is visualized also+ The hybridization analysis therefore establishes that a sequence of 554 6 15 nt (ϭ GUS1 ϩ 259 nt from GUS2) does not generate GUS-homologous small RNA molecules+ The rest of the 1,233 6 15 nt of the GUS mRNA is represented in the small RNA pool in the silenced tobacco line NLG4-He+ Small RNA species in wild-type and nonsilenced plants
In the isolation of the small RNA fraction from gel, the single-stranded oligomers used for size reference were visualized with the SYBR Green II RNA stain (Molecular Probes)+ In these experiments, we observed that the small RNA molecules could be visualized by this SYBR Green II stain also+ This visualization allowed the analysis of wild-type and GUS-active tobacco RNA for the presence of such small RNA species+ Figure 7A shows a SYBR Green II-stained gel with RNA isolated from wild-type tobacco, the GUS-active ANGLA13, and the GUS-silenced NLG4-He plants+ Several discrete bands in the range of 21 and 30 nt are present in these RNA preparations+ No obvious differences in SYBR Green II staining patterns between these three tobacco genotypes were detected in the small RNA area+ This result shows that wild-type and nonsilenced transgenic tobacco plants contain small RNA fragments also+ SYBR Green II staining as well as radioactive labeling with polynucleotide kinase allowed us to demonstrate a similar-sized small RNA fraction in wild-type Arabidopsis plants as well (results not shown)+
DISCUSSION
An approximately 21-23-nt-short RNA species homologous to the silenced gene associates with PTGS in plants (Hamilton & Baulcombe, 1999 and such a small RNA species may play an important role in the establishment and/or maintenance of PTGS+ The original publication (Hamilton & Baulcombe, 1999) involves elaborate isolation steps to detect the small RNA species+ In this study we show that a standard and simpler method of total RNA isolation allows the easy and reproducible detection of small RNA species+ The procedure used does not wash out or lose the small RNA+ The RNA can be routinely visualized with mediumstringency hybridization using DNA probes+ An additional advantage seems to be that there is less aspecific hybridization+ We have compared the small RNA in the GUS-silenced tobacco line NLG4-He with wild-type tobacco and a GUS-active transgenic tobacco line using this simpler method of RNA isolation+ This comparison confirmed the association of GUS-homologous small RNA with gene silencing as shown by Hamilton and Baulcombe (1999) + On the basis of the observed hybridization intensities compared to a known amount of a GUS oligomer (Fig+ 2), the amount of small GUS RNA is estimated to be about 100 ng per 50 mg NLG4-He RNA, thus, on the order of 0+2%+ Due to, among other factors, differences between RNA/DNA and DNA/DNA hybridization kinetics, this amount will be overestimated+ A conservative estimate of the amount of the silencing-associated, GUS-homologous small RNA would be roughly 0+01-0+05% of the total RNA+ The average total amount of mRNA in plants is estimated to be about 2% of the total RNA+ The amount of GUS gene-homologous small RNA is therefore considerable+ We could detect PTGS-associated small RNAs in both tobacco and Arabidopsis plants carrying different silenced (trans)genes equally easily+ Therefore, it is not likely that tobacco line NLG4-He has exceptionally Figure 4+ high levels of PTGS-associated small RNA+ The method described here is fast, reproducible, and sensitive+ It facilitates further analysis of the occurrence and characteristics of the small RNA+ Moreover, the ease of analysis will allow for screening larger populations of transgenic plants routinely for the presence of small RNA species+ This will contribute to the early selection of stable, nonsilenced transgenic lines as well as easier identification of mutant lines impaired in accumulating small RNA+ A first question in the further analysis of the characteristics of PTGS-associated small RNA is what part of a silenced gene is generating the small RNA+ The small RNA of tobacco line NLG4-He was characterized by hybridization using five GUS subclones as probes (Fig+ 3)+ Further fine mapping of the small RNAgenerating sequences was performed with the help of gel-purified and labeled small RNA isolated from NLG4-He (Fig+ 4) as a probe (Figs+ 5 and 6)+ These analyses showed that the small RNA fraction is a mixture of similarly small-sized RNAs with different sequence contents, but all homologous to the GUS coding region+ Apart from 554 6 15 nt of the 59 end (counted from the ATG), and the 39 noncoding region, the remaining 1,233 6 15 bp of the GUS coding region are generating small RNA species+ This result suggests that the PTGS mechanism recognizes the continuous two-thirds of the 39 end of the GUS coding region+ In the hybridization with labeled small RNA (Fig+ 6B), stronger and weaker hybridizing DNA fragments are observed+ This could imply that different parts of the GUS mRNA generate small RNAs with different efficiencies, but the differences are more likely to reflect sequence differences in the 21-23-nt small RNA species+
The fine mapping of the small RNA generating sequences presented identifies a considerably larger sequence involved in generating of PTGS-associated small RNA than the sequence previously identified in the potato virus X (PVX) system to be involved in GUS gene silencing (English et al+, 1996) + With the help of the PVX system, the GUS mRNA sequences that are targets for PTGS have been delimited to the 39 700 bp of the GUS sequence+ A 1+1-kb 59 part of the GUS gene was not an efficient target for GUS gene silencing+ This suggests that the sequences that are conferring GUS gene silencing in PVX do not fully overlap with the sequences that generate the silencing-associated small RNA fraction in plants+ Possibly the GUS silencinginducing PVX viral system is not fully comparable with GUS silencing of transgenes in transgenic plants+ Possibly the timing or kinetics of silencing in the viral system are different+ Another explanation could be that the plants used for analysis in these two cases differ+ The state and sensitivity of silencing in the GUS-silenced tobacco line NLG4-He may not be identical to that in the silenced tobacco line T4 used in the PVX analyses, a major difference being the promoter driving the GUS gene+ These possibilities will require further analysis+
In the case of the gene encoding the Cowpea Mosaic Virus movement protein, silencing was shown to be directed against the distal part of the mRNA of the transgene (Sijen et al+, 1996) + Of the mature b-1,3-glucanase mRNA sequence, the 59 and the 39 region containing the nontranslated regions proved to be inefficient silencing targets )+ In case of the phytoene desaturase gene, such a preference was not observed (Ruiz et al+, 1998) , whereas plants that exhibited PTGS for the coat protein of a sweet potato virus, different transgenic lines were shown to have different target specificities for the silenced transgene (Sonoda et al+, 1999 )+ This indicates that specificsequence characteristics, transgene configurations, and/or chromosomal positions may be important in defining the targets for gene silencing+ The same is likely to be true for the sequences that generate PTGSassociated small RNAs+ The NLG4-He tobacco line contains a complete inverted repeat of the GUS gene+ In this tobacco, the proximal and the distal ends of the GUS RNA may be invisible for the small RNA-generating mechanism due to interaction with cap-binding proteins, poly A binding proteins, and/or ribosomes (Lee et al+, 1997; Tanzer et al+, 1997 )+ The analyses developed here for tobacco line NLG4-He can now easily be performed on other silenced plant lines to show whether the generation of small RNA depends in part on the sequence characteristics and/or the chromosomal configuration or position of the silenced transgene+
The next questions are: how are the small RNAs generated and how do they fit in the mechanism of establishment and/or maintenance of the silenced state? Are they the signaling molecules that activate the silencing machinery, or are they the end products of the activated silencing machinery? Hamilton and Baulcombe (1999) suggested that the small RNA are the product of the RdRp that synthesizes RNA from an RNA template+ A Neurospora quelling-defective strain is mutated in an RdRp enzyme (Cogoni & Macino, 1999) , showing the importance of this enzyme in fungal gene silencing+ Arabidopsis mutants confirm the importance of this enzyme for PTGS (Dalmay et al+, 2000b; Mourrain et al+, 2000) + The small RNAs may be the molecules that initiate the silencing+ We here show that the PTGS-associated small RNA can be labeled by T4 polynucleotide kinase by the so-called forward reaction to FIGURE 7. Visualization and labeling of the small RNA in GUS-active and wild-type tobacco compared to GUS-silenced tobacco+ A: SYBR Green II-stained gel of 30 mg RNA isolated from tobacco+ WT: RNA from wild-type tobacco; NLG4-He: RNA from the hemizygous transgenic line NLG4-He, which is GUS silenced; ANGLA13: RNA from the homozygous transgenic line ANGLA13, which has GUS activity+ As size markers, 150 ng of two different oligomers were used+ B: Phosphor image of a dried 17% polyacrylamide/8 M urea gel containing g-32 P-ATP-labeled small RNA isolated from wild-type tobacco RNA (WT)+ For comparison, labeled small RNA isolated from tobacco NLG4-He (as in Fig+ 4) is run on the gel+ As size markers, appropriate amounts of a g-33 P-ATP-labeled 21-mer oligo (4R, see Fig+ 2) and the 10-bp ladder (Life Technologies) were used+ generate a suitable probe (Fig+ 4)+ No labeling was obtained for an RNA with a 59 P+ This showed that the exchange reaction that can also be catalyzed by T4 polynucleotide kinase does not contribute to the labeling of small RNA under the experimental conditions used+ The forward reaction requires that the 59 end of the small RNA molecules not contain a phosphate group+ Such a 59-OH can be the result of endonucleases, but is not likely the result of any synthetic activity+ The GUShomologous small RNA is therefore not likely to be a primary synthesis product of RdRp+ Possibly RdRp synthesized larger RNA fragments that undergo degradation+ Previous analyses of RNA degradation products in relation to gene silencing in plants have already involved endonuclease and exonuclease activities (Metzlaff et al+, 1997; van Eldik et al+, 1998; Litière et al+, 1999) + Also, in other systems RNA degradation was involved+ In a Drosophila in vitro system, injected dsRNA is degraded to 21-23 nt RNA species (Zamore et al+, 2000) + A partially purified nuclease fraction contained a similar small RNA species derived from the cyclin E transcript targeted by RNAi in Drosophila cells (Hammond et al+, 2000) + The C. elegans mut-7 gene, which is required for RNAi, possesses homology to an RNase (Ketting et al+, 1999 )+ Taken together, there are striking parallels between the mechanism of PTGS in plants and RNAi in other systems+ If so, the small RNA is more likely to be a degradation end product derived from a larger precursor+ The amount of injected dsRNA required to result in RNAi in C. elegans is very small (Fire et al+, 1998) + Therefore, the precursor may be a larger dsRNA molecule that initiates and maintains a self-perpetuating system resulting in considerable amounts of small RNA species+ To elucidate the causal relationship between the initiation of silencing and the appearance of PTGS-related small RNA species would seem to require a well-defined window of time in which the gene silencing is initiated+ The promoter driving the GUS gene in tobacco line NLG4 is light regulated and we are currently investigating if we can employ that promoter characteristic to define such a window of initiation of gene silencing in plants+ While visualizing the small RNA by SYBR Green II (Fig+ 7A) and labeling (Fig+ 7B), we were surprised to find that both in wild-type tobacco and Arabidopsis, a small RNA fraction is present of a size similar to the small RNA fraction in PTGS-silenced plants+ This small RNA fraction from wild-type plants could also be isolated from a gel and labeled with T4 polynucleotide kinase+ Although the small RNA fraction in wild-type plants may contain essentially random degradation products of the major ribosomal RNAs or other RNAs from plants, the fraction might include small RNAs derived from endogenous genes that are down-regulated by PTGS or a PTGS-like mechanism+ The putative existence of small RNAs derived from endogenous genes would agree with the suggestion that PTGS is a part of a plant's basic repertoire to regulate gene expression+ The possibility of isolating and labeling the small RNA from wild-type plants and using it as a probe will help to decide whether such endogenous genes being regulated by PTGS really do exist+ If so, the approach will contribute to the identification and study of such gene(s)+
MATERIALS AND METHODS
Plant material
The transgenic tobacco (Nicotiana tabacum L+ cv Petit Havana SR1) lines used in this study were described previously (Nap et al+, 1997 )+ Transgenic tobacco line NLG4 contains a complex single locus of the light-regulated Lhca3.St.1-promoter-GUS construct from the T-DNA vector pNLG+ Tobacco line ANLGA13 contains an intact single copy of a similar GUS fusion in the T-DNA vector pANLGA+ This line has a representative GUS activity (Mlynárová et al+, 1994 )+ Homogeneous hemizygous seed lots were obtained by backcrossing the homozygous transgenic line to wild-type+ In addition, untransformed wild-type tobacco SR1 was used+ Plants were germinated in soil and grown in a ventilated containment greenhouse+
DNA manipulations
All standard DNA manipulations, such as agarose gel electrophoresis, DNA cloning, PCR, plasmid technology, and Southern blotting, were performed essentially according to Sambrook et al+ (1989) , unless stated otherwise+ Detection of gene silencing-related small RNA species by hybridization Plant total RNA was isolated with the TriZOL reagent (Life Technologies), essentially according to the manufacturer's recommendations+ In short, leaf material was harvested in liquid nitrogen and ground to a powder+ Approximately 100 to 300 mg (one-third of an Eppendorf tube) was used to add 1 mL TriZOL reagens+ This mixture was mixed well, after which 200 mL chloroform was added+ This was shaken well again, centrifuged (12+000 ϫ g, 15 min, 4 8C) and the RNA in the supernatant (approximately 700 mL) was precipitated with 500 mL isopropanol+ After a short 70% ethanol wash, the RNA was dissolved in 30 mL of sterile distilled water+ The RNA concentration was determined spectrophotometrically and RNA integrity was routinely checked on a nondenaturing 1% agarose gel+ Separation of total RNA was performed in a 6% polyacrylamide/8 M urea gel using the 6% Sequagel mix (BIOzym) in the Protean apparatus (BioRad)+ Samples were denatured for 10 min at 65 8C in 1ϫ loading dye (2ϫ loading dye ϭ 98% deionized formamide, 10 mM EDTA (pH ϭ 8+0), 1 mg/mL xylene cyanol FF, and 1 mg/mL bromophenol blue)+ After separation, RNA was electroblotted in 50 mM Tris-borate-EDTA buffer (pH ϭ 8+0) onto a Hybond-N ϩ membrane (Amersham)+ Transfer was done overnight at room temperature at 20 V (Stoeckle & Guan, 1993) , after which RNA was fixed on the membrane using a UV Crosslinker (Stratagene)+ A radio-actively labeled DNA probe was prepared with the Megaprime random priming kit (Amersham) according to the recommendations of the manufacturer+ Prehybridization of the membranes was performed for at least 2 h at 50 8C in a hybridization solution (10% Dextran sulfate, 1% SDS, 1 M NaCl, 50 mM Tris-HCL, pH ϭ 7+5, 80 mg/mL denatured salmon sperm DNA), using 25 mL of solution per blot+ For hybridization, the probe was denatured by boiling for 10 min in the presence of 4 mg of sonicated salmon sperm DNA for each 25 mL of (pre)hybridization solution and immediately added to the prehybridization mixture+ Hybridization was performed overnight at 50 8C+ After hybridization, a membrane was washed in 2ϫ SSC at 50 8C for 5 min, followed by several washing steps in 2ϫ SSC, 1% SDS at 50 8C for 20 min+ Hybridization signals were visualized by autoradiography on Fuji 100NIF films or on a Fuji B2000 PhosphorImager with BasReader and TINA software (Raytest)+
Visualization and isolation of small RNA
To visualize small RNA without hybridization, RNA was separated on a 17% polyacrylamide/8 M urea gel prepared from a 37+5:1 acrylamide/bisacrylamide solution+ Following electrophoresis, the RNA was stained by shaking for 30-40 min with 30 mL of a 1:10,000 dilution in 1ϫ TBE of the SYBR Green II RNA gel stain (Molecular Probes)+ The RNA was visualized with a Lumi-Imager (Roche) using the LumiAnalyst software for this stain+ As size markers, oligomers of known size (Eurogentec) were used+ The small RNA fraction (20-35 bp) was recovered from the gel with a "crush-and-soak" method (Faulkner-Jones, 1995)+ The relevant polyacrylamide gel piece was cut from the gel and eluted in 500 mL elution buffer (80% formamide, 40 mM PIPES, pH ϭ 6+4, 1 mM EDTA, 400 mM NaCl) at 37 8C overnight with gentle shaking+ The eluted RNA was precipitated with 1 vol of isopropanol at room temperature for 30 min and the RNAs were recovered by centrifugation+ The pellet was washed with 70% ethanol and resuspended in 200 mL of 10 mM DTT+ RNA was reprecipitated by adding 0+1 vol of 8 M LiCl and an equal volume of isopropanol at room temperature for 30 min+ The pellet was shortly washed with 70% ethanol and resuspended in 20 mL of sterile distilled water+
Labeling of small RNA and DNA oligomers
One-third (6 mL) of the gel-isolated small RNA was radioactively labeled with the forward reaction of the Kinase Max 59-End-Labeling Kit (Ambion) according to the manufacturer's manual, using g-32 P-ATP (7,000 Ci/mmol; 150 mCi/mL; ICN)+ Part of the labeled RNA (about 1/1,000th of the total) was routinely analyzed on a 17% polyacrylamide/8 M urea gel as described above+ DNA oligomers and the 10-bp DNA ladder (Life Technologies) were labeled with the same kit, using g-33 P-ATP (3,000 Ci/mmol; 10 mCi/mL; ICN)+
